Introduction
Many reports [1] [2] [3] [4] [5] [6] [7] [8] [9] have described the dynamics of the ion pairs formed by activation of a precursor metallocene with various Lewis acids, which are assumed to be the species responsible for the metallocene-catalysed alkene polymerisation [5, [10] [11] [12] [13] [14] [15] and considered to be the cornerstone of its efficiency and stereocontrol. Several strategies have been used to stabilize the intermediate cationic alkyl alkene metallocene [10, [16] [17] [18] [19] [20] [21] and (η 1 -amidosilyl)-η 5 -cyclopentadienyl [3, [22] [23] [24] [25] [26] [27] [28] [29] [30] d 0 group-4 metal complexes. We have reported [31, 32] the formation of alkyl alkene metallocene cations through η 2 -coordination of the alkene moiety of an allylsilyl group tethered to the cyclopentadienyl ring. In order to study the formation and reactivity of the corresponding (η 1 -amidosilyl)-η 5 -cyclopentadienyl cationic compounds reported elsewhere, we synthesised and characterised disubstituted (allylsilyl)(amidosilyl)cyclopentadienyl group 4 metal complexes of the type represented in Scheme 1. These compounds are described in this paper, along with the insertion reactions of isocyanides into their metal-alkyl bonds and C-C coupling reactions of the resulting iminoacyl derivatives. 
Results and Discussion
Successful synthesis of the disubstituted cyclopentadiene containing the two required aminosilyl [SiMe 2 (NHtBu)] and allylsilyl [SiMe 2 (CH 2 CH=CH 2 )] functionalities was achieved by first introducing the allylsilyl group [33] followed by metallation and reaction of the resulting lithium (allylsilyl)cyclopentadienide salt [31, 32] with SiMe 2 Cl 2 to give the disilylated cyclopentadiene C 5 H 4 (SiMe 2 Cl)[SiMe 2 (CH 2 CH= CH 2 )] (1, Scheme 2), which was isolated as a yellow liquid. Scheme 2. Further aminolysis of the chorosilyl derivative 1 by reaction with the primary amine NH 2 tBu or metathesis with LiNH(2,6-Me 2 C 6 H 3 ) afforded the disilylated cyclopentadienes C 5 H 4 [SiMe 2 (CH 2 CH=CH 2 )][SiMe 2 (NHR)] (R = tBu 2, 2,6-Me 2 C 6 H 3 3), which were isolated as oily yellow and orange liquids, respectively. The chlorosilyl derivative 1 was identified by 1 H NMR spectroscopy as a unique 1,1-isomer. However, formation of the 1,3-isomer is favoured for the aminosilyl compounds 2 and 3 due to the presence of the sterically more demanding amino substituents (see Exp. Sect.).
The mixture of isomers of the disilylcyclopentadienes 2 and 3 was metallated by treatment with 2 equiv. of nBuLi to give the dilithium salts, which were isolated as white solids containing one single component and were identified by 1 H NMR spectroscopy as the 1,3-isomer [Li 2 {1-SiMe 2 NR-3-SiMe 2 (CH 2 CH=CH 2 )C 5 H 3 }] (R = tBu 4, 2,6-Me 2 C 6 H 3 5). Their 1 H NMR spectra show the three ring-proton signals expected for an asymmetric molecule, whereas the diastereotopic methyl groups of both silyl fragments and the diastereotopic methylene protons of the allylsilyl fragment are observed as two singlets (see Exp. Sect.).
A direct synthesis based on halide metathesis, when the metal tetrahalides were treated with 1 equiv. of the dilithium salts 4 and 5, was used to transfer the (amidosilyl)cyclopentadienyl ligand, as shown in Scheme 3. Reaction of 4 with ZrCl 4 (THF) 2 or HfCl 4 in toluene at room temperature yielded the "constrained-geometry" complexes [MCl(µ-Cl)-{η 5 2 (M = Zr 6, Hf 7), which were isolated in high yield as a yellow crystalline solid (6) and an oily orange solid (7) and characterised by elemental analysis (6) , NMR spectroscopy and X-ray diffraction methods (6) . Analogous reactions using the dilithium salt of the corresponding (2,6-dimethylphenyl) amido ligand 5 were carried out in the hope of obtaining improved crystallinity of the resulting metal compounds. [34] However, the new dichloro complexes [MCl(µ-Cl){η 5 2 (M = Zr 8, Hf 9) were always obtained as oily orange and white solid products, respectively, which easily decomposed with elimination of free amine; consequently, they were difficult to purify, giving rather low yields (lower than 30 %) after purification. These compounds were not studied further.
The 1 H and 13 C NMR spectra of the silylamido derivatives 6-9 show three multiplets ( 1 H) and five resonances ( 13 C) for the Cp ring protons and carbon atoms and four singlets ( 1 H and 13 C) for the two diastereotopic silylmethyl groups; two of the multiplets were occasionally observed as overlapped signals in the 1 H NMR spectrum. The 1 H NMR spectra of all the complexes show the typical pattern of the allyl substituent, which consists of one high-field multiplet for the SiCH 2 protons at δ = 1.7-1.8 ppm, one multiplet at δ = 5.6-5.8 ppm for the internal olefinic proton and one multiplet for the two external olefinic protons at δ = 4.8-4.9 ppm. The ring C ipso resonance for compounds 6-9 appears at higher field than those of the other carbon atoms, consistent with the (amidosilyl)cyclopentadienyl ligands adopting a chelate coordination mode with the metal centre. [35] This NMR behaviour may suggest the presence of mononuclear structures of the silylamido derivatives 6-9 in solution, for which the enantiotopic 1,3-disilylcyclopentadienyl ring faces are responsible for the asymmetry of these molecules. However, it could also be consistent with a centrosymmetric dimeric diastereoisomer with two equivalent Cp-silylamido systems, which is formed by two mononuclear units held together by a pair of bridging chloro ligands. Both mono-and dinuclear structures exhibit two non-equivalent chloro ligands, one of which is localised under the allyldimethylsilyl substituent of the cyclopentadienyl ligand in the mononuclear structure or is the terminal ligand in the dinuclear compound.
The dimeric structure of complex 6 in the solid state was determined by X-ray diffraction methods on a single crystal obtained from a hexane solution cooled to -35°C. The same dimeric structure may be tentatively assigned to all of the other complexes 7-9 in the solid state, as shown in Scheme 3. Typical signals due to coordinated THF were observed in the 1 H and 13 C NMR spectra of the more electron-deficient complex 8 containing the less basic amido ligand.
A view of the molecular structure of complex 6, together with the atomic labelling scheme, is shown in Figure 1 . Selected bond lengths and angles are given in Table 1 [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] The almost equal bridging Zr-Cl distances are significantly longer than the terminal Zr-Cl distance, and this last bond length again falls in the range 2.432-2.529 Å retrieved from the CSD files for similar complexes. To the best of our knowledge, the only chloro-bridged dimeric zirconium complex found in the literature containing a (amidosilyl)cyclopentadienyl moiety is (R,R)-[ZrCl(µ-Cl)] {η 5 :η 1 -C 5 Me 4 SiMe 2 NCH(Me)(Ph)} 2 , [39] where the Zr-Cl bridging bond lengths are significantly different. The trans influence of the amido nitrogen and chlorine coordinating atoms seem similar in 6, and the bridging Zr-Cl bond lengths are not significantly different. The C1 atom that bears the amidosilyl arm is pyramidally distorted, as shown by the sum of bond angles (350.8°) as in the other chloro(amidosilyl)cyclopentadienyl complexes, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] and in the doubly silylamido-bridged cyclopentadienyltitanium complex, [46] while the C4 atom that bears the allylsilyl arm is weakly pyramidally distorted (the sum of the bond angles is 359.3°). The Si1 and Si2 atoms are out of the Cp plane by -0.845(2) and 0.250(3) Å, respectively.
In spite of having non-equivalent chloro ligands, none of these zirconium and hafnium complexes showed selective reactions when they were treated with alkylating agents. As shown in Scheme 4, reactions of complexes 6 and 7 with 2 equiv. of MgClR (R = Me, CH 2 120. 4(2) N-Zr-CT 100.3(3) Cl(2)-Zr-CT [a] 107.9 (2) CT-
128.9 (5) [a] CT is the centroid of the C(1)···C(5) cyclopentadienyl ring. Symmetry transformation used to generate equivalent atoms: -x, -y, -z + 2. R = Me 10, CH 2 Ph 11; M = Hf, R = Me 12, CH 2 Ph 13), which were isolated as brown and orange oily solids, respectively, and identified by elemental analysis and NMR spectroscopy. In addition to the same features discussed above for the precursor dichloro complexes, the non-equivalency of the two alkyl groups of these asymmetric molecules is easily demonstrated by their 1 H and 13 C NMR spectra. The spectra of the methyl complexes 10 and 12 show two singlets ( 1 H) and two resonances ( 13 C) for the two non-equivalent, metal-bonded methyl groups, whereas four doublets ( 1 H) for the two diastereotopic methylene protons and two resonances ( 13 C) for the methylene carbon atom are observed for each non-equivalent, metal-bonded benzyl group of the benzyl derivatives 11 and 13. Insertion of isocyanide into one of the two non-equivalent metal-alkyl bonds of these dialkyl compounds may afford mixtures of two diastereomers, unless for diastereoselective reactions. [47] However, when 1 equiv. of CN(2,6-Me 2 C 6 H 3 ) was added to the toluene solutions of the dialkyl(amidosilyl)cyclopentadienyl compounds 10-13, the initially formed 16-electron iminoacyl compounds could not be detected by NMR spectroscopy because they react very easily to give the bis(iminoacyl) complexes by further insertion into the second metal-alkyl bond. This behaviour is in contrast to that observed for metallocene-type complexes for which the monoiminoacyl complexes are 18-electron species, which do not undergo further insertion into the second metal-alkyl bond.
Therefore these insertion reactions were complete when toluene solutions of the dialkyl complexes 10-13 were treated with two equivalents of 2,6-xylyl isocyanide at room temperature to give the corresponding bis(iminoacyl) compounds [48] [M{η 5 2 Ph 17) which were isolated as red and orange oily products and identified by elemental analysis and NMR and infrared spectroscopy.
As shown in Scheme 5 the bis(iminoacyl) complexes 14-16 were slowly converted into the C-C-coupled compounds. [49] This transformation was complete when their toluene solutions were heated at 70°C-80°C for long periods (2 d Compounds 14-17 contain the iminoacyl ligand η 2 -coordinated to the metal centre as shown by their spectroscopic data. The signals observed in the 1 H NMR spectra for the alkyl and methylene(benzyl) groups migrated to the inserted aryl isocyanide are shifted downfield (by about 2 ppm) with respect to the values observed for the metal-bonded groups of the precursor dialkyl complexes. In contrast, the 13 C NMR resonance of the alkyl carbon atom is shifted to higher field (by about 10 ppm for Zr and 20 ppm Hf) on insertion. The most remarkable feature observed in the NMR spectra of these complexes is the chemical shift of the resonance due to the iminoacyl carbon atoms, which is shifted downfield at δ = 250-268 ppm. Another important spectroscopic feature that allows the assignment of the iminoacyl coordination mode in solution is the stretching ν(C=N) frequency of the iminoacyl bond observed in the IR spectra at 1540-1555 cm -1 , which corresponds to the η 2 -coordinated iminoacyl ligands. [50] The 1 H NMR resonances due to the migrated alkyl groups in the C-C coupled enediamido complexes 18-20 are shifted downfield with respect to those observed for the starting bis(iminoacyl) compounds, whereas the 13 C NMR signals due to the enediamido sp 2 -carbon atoms are observed at δ = 111-112 ppm.
Conclusions
Dichloro-and dialkyl(amidosilyl)cyclopentadienyl zirconium and -hafnium complexes of the type [M{η 5 -C 5 H 3 [SiMe 2 (CH 2 CH=CH 2 )](SiMe 2 -η-NR)}X 2 ] with the allyldimethylsilyl-substituted cyclopentadienyl ligand have been isolated in high yields by conventional synthetic methods and characterised by NMR spectroscopy and X-ray diffraction methods.
The two non-equivalent chloro and alkyl ligands of these asymmetric molecules do not show diastereoselective reactions, so that alkylation of the dichloro complexes only gives dialkyl derivatives, and insertion of CN(2,6-Me 2 C 6 H 3 ) into the metal-alkyl bonds only afforded bis(iminoacyl) compounds. Formation of monoalkyl and monoiminoacyl complexes could not be detected in any of these reactions. NMR spectroscopic studies revealed that the iminoacyl ligand is η 2 -coordinated in all of these compounds with the nitrogen atom always occupying the internal coordination site. C-C coupling reactions between the two iminoacyl ligands are very slow processes that give quantitative yields of the diazametallacyclopentene complexes after heating the toluene solutions of the bis(iminoacyl) complexes at 70-80°C for 2-4 d.
Experimental Section
General Considerations: All manipulations were performed under argon using standard Schlenk and high-vacuum line techniques or a glovebox model MO40-2. Solvents were pre-dried and purified by distillation under argon from an appropriate drying agent (sodium for toluene, sodium/potassium alloy for hexane and sodium/ benzophenone for diethyl ether and THF) before use. Deuterated solvents were stored over activated molecular sieves (4 Å) in Teflonvalved flasks and previously degassed by several freeze-pump-thaw cycles. NH 2 tBu (Aldrich) was dried with sodium and distilled prior to use. SiMe 2 (CH 2 CH=CH 2 )Cl (Aldrich), SiMe 2 Cl 2 (Aldrich), nBuLi (Aldrich), HfCl 4 (Merck), MgClMe (Aldrich) and MgCl(CH 2 Ph) (Aldrich) were purchased from commercial sources and used without further purification. [51] [Li{C 5 H 4 SiMe 2 (CH 2 CH=CH 2 )}, [51] and ZrCl 4 (THF) 2 [52] were prepared according to literature procedures. C, H and N microanalyses were performed with a Perkin-Elmer 240B. Unreliable elemental analytical data are not given for some highly soluble and air-sensitive compounds which could not be crystallised and were isolated as spectroscopically pure oily products. NMR spectra, measured at 25°C, were recorded with a Varian Unity 300 ( 1 H NMR at 300 MHz and 13 C NMR at 75 MHz) spectrometer. 1 ] (7): Toluene cooled to -78°C was added to a mixture of 4 (1.5 g, 4.9 mmol) and HfCl 4 (1.6 g, 4.9 mmol) also at -78°C. The reaction mixture was stirred while it was warmed to room temperature. After the solution had been stirred overnight, the toluene was removed under reduced pressure and the residue was extracted into hexane. The solution was filtered and the solvent was removed to give 7 as an orange oil (1.59 g, 2.95 mmol, 60 % yield). 1 (8): Toluene (100 mL) was added at -78°C to a mixture of solid dilithium salt 5 (2 g, 5.66 mmol) and ZrCl 4 ·2THF (2.13 g; 5.66 mmol) and the mixture was then stirred at room temperature for 16 h. After filtration of the resulting LiCl, the solvent was removed under vacuum and the residue was extracted into hexane (2 × 50 mL). The solution was concentrated by evaporation of the solvent under reduced pressure and cooled to -35°C to give compound 8 as an orange oily solid (0.91 g, 1.70 mmol, 30 % yield). 1 (6) : Crystals of compound 6 were obtained by crystallisation from hexane, and a suitably sized crystal in a Lindemann tube was mounted on a Philips PW 1100 diffractometer with graphite-monochromated Mo-K α radiation (λ = 0.71073 Å). Crystallographic and experimental details are summarised in Table 2 . No decay was observed during the data collection. A semi-empirical method of absorption correction was applied (maximum and minimum values for the transmission coefficient were 1.000 and 0.665). [53] The structure was solved by direct methods (SIR97) [54] and refined by least squares against F o 2 (SHELXL-97). [55] All the non-hydrogen atoms were refined anisotropically and the hydrogen atoms were introduced from geometrical calculations and refined using a riding model. The programs PARST [56] ad ORTEP [57] were also used. CCDC-273336 (6) contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
